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Extensive magnetic field observations have been nade oi 

magnetopause crossings by satellites and spaci probes (Heppner et 
al., 19bf; Cahill am! Ama?cen, ’.96J; Ness et ai., 1964, Ness, 1 v > t> 3 ; 
Holzer ct al., ! 9 e.t* ; Heppner et al. , 1 y t? 7 ; Fairfield and Ness, 1967; 
Ness, 1967; Behannon, 1 966) . Identifications of the magnetopause 
have also been made by plasma measurements (Bridge et al., 1943; 

Wolfe et al., 19t>6; Gosling et al . , 1967; Vasyliunas, 1968a). 

Although these plasma observations indicated sudden changes in the 
plasma characteristics across the boundary, their time resolutions 
were not adequate, to study the structure in the boundary layer. In 
the electron plasma measurement on 0G0-5 to be discussed in this papt r 
the time required lor one cycle of observation is approximately 
seconds, and this nigh resolu_ion has made it possible to investigate 
the changes in the plasma parameters across the boundary in more 
detail than has been possible in the previous studies. 

The observed average shapes and positions -f the magnetopause 
have previously been found to be in gross agreement with theoretical 
results based on gas dynamical models (Ness, !9b7; Heppner et al., 
196"; Gosling et al., 1967; for theoretical models: e.g. , Spreiter 
and Briggs, 1962 a,b; Midgley and Davis, 1963; Mead and Beard, 1964; 
Spreiter et al., 1966; Dryer and Taye-Peterscn, 1966). In these 
theoretical models the solar wind pressure, represented in different 
ways in different models, is balanced by the magnetic pressure inside 
the boundary, altogether ignoring the plastra pressure inside it. 
However, there is increasing evidence for the presence of plasma 
inside the magnetopause based on observations of magnetic field 
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behavior (Heppatr et ai., 1967; Sugiura et al. , 1970) and on direct 
measurement of plasma (Frank and Shape, 1967; Vasy lianas , 1968b). 
Observational study of the pressure balance across tr.e magnetopause 
is obviously needed. The structure of the boundary layer is not veil 
understood at present. A theoretical treatment has recently been 
carried out by Eviatar and Wolf, (1968) who conclude that an unstable 
boundary approximately *00 km thick would be sufficient to provide 
the viscous forces to drive, for example, the Axford-Hines magneto- 
spheric convection model. 

In this paper several examples ol magnetopause crossings are 
shown with 0G0-5 electron plasma and magnetic field data; a diagnostic 
study of the magnetospheric boundary using high time resolution magnetic 
field and 45 eV electron flux measurements, and typical changes in 
some of the plasma parameters across the magnetopause are presented. 

The pressure balance across the boundary is investigated, and the 
significance of plasma Inside the boundary is pointed out. 
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Experimental 

Observations of electron flux as a function of energy were made 

with the GSFC triaxial spectrometer (Lind and Mcllwraith, 1965). This 

device, which was mounted on the -Z face of the main body of the 

satellite 0G0-5, has three cones of sensitivity, mutually at right 

angles, with the normal to the -Z face making e;,ual angles with each 

detector axis. Figure 2. The directions of the detectors were fixed 

in satellite coordinaces, and so the axes made angles with the magnetic 

field which varied along the orbit. Electrons entering each detector 

were accelerated by falling through a potential difference of 100 

volts, analysed in energy by a 127 degree electrostatic analyser and 

recorded by a channeltron electron multiplier. The preacceleration 

procedure had the effect of increasing the absolute width of the energy 

pass band at low energies. This pass band lE at energy E is given by 

the relation i£ = 0.1t> (E+100) , E in electron volts. Thus for example, 

the pass band at a nominal 45 ev was from 33.5 to 56.5 ev. The 

analysers were stepped through an energy range lOev to 9.9 kev in 

fifteen steps, at the satellite telemetry frame rate of 1.15 seconds 

per step. The fifteen steps, calibration step, and exponential return 

to zero energy took a total of 23 seconds. The calibration was 

63 

accomplished by means of a radio-active Ni source, the electrons 
from which were progressively attracted away from the detector as the 
potentials applied to the analyser plates were increased. There was 
thus a correction to be applied to readings taken on the low energy 
steps, where the natural flux was normally large, but essentially no 
correction to the higher steps where the natural flux was small. 
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The detectors were operated in an analog mode, in which the potential 

across the electron multipliers was varied to keep the output current 
-9 

constant at JxlO amperes. The telemetr ed signal was proportional to 
the multiplier potential, which was related in an approximately inverse 
logarithmic way to the incoming electron flux. The detectors were 
sens; ive to a minimum flux of approximately 10 /cm^/sec/sterad/kev , 
and had a dynamic range of greater than 10' : 1. 

This analog system tuned out to he ill advised as the relatively 
large current drawn from the multipliers proved to . iduce accelerated 
degradation. The Life of the experiment was thereby reduced to about 
JO days, but during that time it operated m a very satisfactory manner, 
providing observations of the electrons in the solar wind, magnetosheath, 
and magnetosphere. 

The magnetic field data used in this paper were obtains,! by a 
triaxial fluxgate magnetometer, which is an improved version of those 
flown on OGO's 1 and 3 (Heppner et al. , 1967; Sugiura et al. , 1968; 

Ledley, t909). With a digitally controlled field compensation system 
the rang:- 1 of measurement is + 4,000v (gamma) with a digital resolution 
of +l/8y. The sampling rate is 0.868, 6.94, or 55.55 times per second 
for the three optional rates of 1, 8, or 64 kilobits per second, but 
the present study is based on sampled data from 8 kilobit records. This 
sampling was carried out by choosing the reading taken at the time 
closest to a given second. 

The plasma flux observations represent averages taken over a 
period of 1.15 seconds, during which five individual observations were 
made. For any given differential energy interval, these average 


6 


observations are separated by the cycle time of 23 seconds. This is 
also the time duration required to obtain an electron spectrum. 

Changes taking place in less than this time will not be correctly 
reflected in spectral changes or, therefore, be reflected in the 
density or temperatures derived from such spectra. 

The density and temperatures plotted and used in the calculations 
that follow are derived by fitting the flux data to a stationary 


isotropic Maxwellian of the form 


Flux = 


counts 


cm^/sec/sterad/kev 


(i> 


This is done by a least squares technique, which exploits the fact that 


f Flux: 

Ln ! = A(n e ,T ) t B(T e )E 1 

k- E - 


where the E^ used are 25, 45, 80, and 130ev. This technique yields 
A and B from which T e and n g may be straightforwardly calculated. The 
form of equation 1 is derivable from the convected i. tropic Maxwellian 
which would be more rigorously correct to describe an isotropic 
Maxwellian distribution in a frame moving with a bulk speed U, as 
observed from the relatively stationary frame of the satellite. The 
approximation is a good first order one since the bulk speed U<250 km/scc, 
even in the sheath, while the thermal speeds v are of the order 
3000 km/sec, making U/v <0.1, 


Description of Observations 


a). Quiet Conditions. 

In Figure 1 we see an example of a magnetopause crossing which occurred 
oetween 0217 and 0230 UT on March 10, 1963, Reading from the top, the two 
angles, solar ecliptic longitude ^ SE , and latitude 0 SE , Mll ich define the 
airection of the magnetic field vector in solar ecliptic coordinates, and its 
magnitude 3 are plotted. In the lowest graph, to the s-une time scale, tne 
observations cf the individual analyses of the 3 axis electron spectrometer 
are aenoteu cy = Got, a cross, and a triangle respectively. The observations 
representing the electron flux in the energy .ange 33*5 to 3b. 5 ev are spaced 
ai, intervals of 23 seconds, since each differential energy channel is sampled 
once ior every s ectrometer cycle. 

Observations in the magnetosphere are shown on the left, and observations 
in the sheath on tne right; the increased flux there represents electrons 

nested in the sheath oy energy dissipated oy the solar wind in traversing 
the earth's cow shock. It is clear L::at Detween 3420 secs and ob'jO secs 
the magnetopause transition occurs. The large changes in direction and magni- 
tude of the magnetic field are associated with the change in the electron 
flux measured by all three detectors of approximately one and a half orders 
of magnitude. This indicates no marked departure from isotropy on either 
side of the oouncary. The magnetic field and particle detector directions 
are shown in Figure 2. 

There are five observations in the rising part of tne lowest graph in 
Figure 1, indicating that the flux change occupied a time of approximately 
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115 secs. The magnetic field changes take place in about 200 seconds. If 

the magnetopause is assumed at rest and the satellite speed is taken to be approx 

mately 1 km/sec, we obtain a minimum boundary thickness of 100 to 200 km. 

In Figure 3 we see observations, displayed in the same way as those in 
Figure 1, of a magnetopause crossing made between 1240 and 1250 UT on March 
7, 1968. The angles 0g£ and 0g E show similar changes here to those observed 
in Figure 1, going from ~100 degrees to ~270 degrees, and 0 C „ from 10 
degrees to -30 degrees. The electron flux change is smaller (~10 times) 
and takes place in a shorter interval, of time than on March 10, though there 
are disturbances lasting for about 100 secs in the magnetic field parameters. 

In this case the magnetic field in the magnetosheath is lower than in the 
magnetosphere, the magnitude reaching its quiescent value at about 45930 
secs. The magnetosheath field magnitude in Figure 1 also shows a 
quiescent value of about 35 gamma, reached at 8630 secs, in this case 
higher than in the magnetosphere. The angular relationships between 
magnetic field and detector axes on March 7 are shown in Figure 2. These 
typical combined observations at relatively quiet times thus strongly 
suggest a boundary which, if at rest, has a thickness between 100 km and 
200 km. 

b. Disturbed conditions. 

As an example of a more complicated situation, we now discuss obser- 
vations made on March 17, 1968. During this period, the satellite was 
outbound, moving between a radial distance of 11.3R e at 2010 UT and 15.8R e 
at 2400 UT. A plot of the flux measured by two detectors of the electon 
spectrometer is snown in Figure 4. A very clear example of a crossing 
at 2313 UT from the magnetosphere to the sheath is indicated, together 
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with the corresponding magnetic field observations. It will be seen that 

this is qualitatively very similar to those discussed above. A momentary 

excursion from the magnetosphere into the sheath and back also took 

place at 2105 UT, and is also illustrated in Figure 4. At that time the 

recorded electron flux showed a short lived increase from the value of 
8 2 

between 10 7 and 10 /cm /sec/sterad/kev characteristic of the magneto- 

10 2 

sphere, to the value of 1.5x10 /cm /sec/sterad/kev recorded in the 
sheath later in that day. 

Although many variations are observed in both sets of data between 2105 

and 2yl3 UT, comnarison indicates there are no other magnetopause crossings. 

The combination of magnetic field and low energy electron observations x'orm 

a good diagnostic method for the identification of magnetopause traversals. 

The flux cat;, nave also been fi-ted to a stationary Maxwellian velocity 

distribution, as uiscussed above. An example of the results for the period 

2000 to 2*+C0 UT on March 17 , 19^0, ^re shown in Figure 5« This covers the 

radial distance 11 R e to l.-.d R e inclusively. Inside the magnetosphere, 

until about 2100 UT, the c -n si ties are very small, of order 1 cm" 3 . The very 

close correspondence between the results for all three axes should be noted. 

At about 2105 UT the abrupt increase, wnich is described above, occurred in 

all tnree detectors, ana the clear magnetopause crossing at 2513 , also described 

above, can ae seen, after which the satellite remained in the magnetosheath 
, -3 

wnere tne electron censity was 20 cm . phis diagram is consistent with 
our picture of a thin magnetopause boundary moving slowly over a radial range 
of about two earth radii. 

Data for a more disturbed period (K p =4) are shown in Figure u. There 
tne electron densities, observed by the three detectors of the electron 


sp- ct re-mete r , art shown t r the period 0410 te 0617 UT on .March l j, is no. 
i- r- »rs OjI- 0 ; nwar*l all three detectors indicated densities of order Ji. ^ 
charge tv r rst it • l the ma. n> toshc-atli, .and in-loro 041h UT densities *0 
■■rder l csr. character . ?ric ot trie mane eospher* when observations ur* 

:::adi at an o ne r _ y above 23 ev. At approx ireateiy 0-»lb: 30 UT a monwr.tar \ 
density increase was observed in all thro* detectors. Correlat La- t' _.; 

* ith s imul taneous ma. netic lie Id obsc*rvations, it appears tha* the 
sp.icec rat t made a ponotratiei. ir.te the- sheath at tnis time. Sint.- 
tne e- 1* ctr-ni £ Luxes nuiv be . hulls uio during the time ot ent spectral scan, 
i he maximum value oi density deduced j'*i-s not nc-ccssarilv reflect the 
tiue magnitude ot th, iluctuut ion. The densitv increase obseveed at 
ab*-ut 0i4!:i0 j T (marked 0 i:; the diagram) corresponds to a J istuel-anc. 
ir. the ran :i-.- tie tic Id, but is not cleaily a transition. The next definite 
t ; *, .s it ion .'u ur s at 0310: iOj in between this time- and 0320 several 
transitions >'ecnr , leaving the spacecraft in the na .netosphere until 

inately 0324:4a UT when it e-nt..rs the sheath. Aster a transition 
back t, the magnetosphere- at about u334, the* space.:'..;: - -n ; - 

transition b*ck to the sheath, 0317:30. where it re ;. ; ; i: 

the interplanetary medium. As can be seen troia the *: • ‘ . ' : - _s 

t:;. magnet* siieatn was ve^y disturbed on Lh'S dav, ar.u Ir . . .... ae 

that the magnetosphere adjacent to the boundary '.-.as also disturbed. 7h 
boundary appeared to be in motion, with an amplitude of order »i K . 


11 


aC Ua^lOft 

It, cun te readily seen .'.m tne figures - »t the -ehavior of Uie electron 
:^ux .t ev ferns ^ v.iUdOie uia, nostic :or the detection of :wir netopause 
crOiiin s. Detailed stales of the n a tare of the magnetopause require u.at 
accurate identification oe made of c. — i n £ .s. Tr.is is difficult using the 
magnetic fieia atone, a„a it is precisely tnese difficult c- sen which are 
often ox' co., sice: able interest, fr.e observations aide here are of limited 
at.^oijir resolution, since c niy three stall solic angles are sampled. Although 
appro - te isotropy is indicated? in a future study this is a parameter 
wniofc coulc watr, .Jvar.ta e -e covered in mere detail. 

fr. sup: or- of t .e identifications made in tr.e diagrams, it is genenlly 
note- tr.r - tr.e flux cf electrons with energies of order 1 .<ev decreases 
simultaneously with tr.e increase in flux of 4c ev electrons as the satellite 
:e- from tr.e m net-sphere to tre sr.e.tn. I a pears t..ut, at least at 
q-iot time-, electrons of I .<ev energy re trapped , or quasi- trapped, in 
t:.e outermost arts of tne netosphere. It has oeen shown that cne fl_x 
wf electrons of :;i her energies (79 under, o es a marked decrease, ir.ci- 

c-ting a cessation of trapping .t *:.ese transitions (C t ll* r ie et al., 1969). 

fr.e :»i fe h time resolution observations shown in figures 1 ar.ri g snow 
t..ut t.te lar e un.ul^r changes in .r.e limnetic field direction, corres-oncing 
to tre transition from tut ma^netcsoneric field :c the interplanetary field 
modified oy assa-e through tr.e earth's tow s..oc.<, and illustrated in Figure 
t ;ke Ice after tne cr.an ;e in plasma flux, fr.us the "boundary layer" 
seoar.tm.- tne two .e ior.s, which miuht b<. identified with ar. unstable region 



such as that described by Eviatar and Waif (1966), has a magnetic t i- !d 
cent i curat ion like chat of the- magnetosphere, but ar electron population 
similar t<’ chat of tile magnetosheath. Mix in c of the two plasma populations 
in this region, one from the magnetosphere and one from the sheath at a 
much hi. her temperature , may be important in the mechanism of instability 
in the boundary. 

Figuies 2, « and 7, which show tnree representative electron density 
variations observed during traversals of the- region of the magnetopause, 
are interpreted as showing that although the magnetopause* is sometimes 
at rest, Figure 7, or more accurately moving slowly with respect to the 
spacecraft, it often moves around over a mean distance of order +1 R . 

Thus the satellite encounters it sevc-raL times, Figures 3 and b \ 
its mean speed io perhaps several times that of the satellite, 

1.5 km/sec . Fine detailed correspondence is seen between the three 
detectors in Figures 5, 6 and 7, indicating that this interpretation of 
multiple traversals is correct, and that tne more disturbed readings, in 
which large fluctuations are observed, do correspond to fluctuations in 
tile electron density. It should be noted that a spectrum takes 20 seconds 
to aquire, and that observations at the same energy are made at 23 second 
intervals. Thus considerable smoothing has been introduced, for example, 
into the data of Figure 5 by the operation of the instrument. 

Considering the high resolution data for the " quieter" crossings, 
such as Figure J, we see that the changes in B and flux occupy a total 
tine duration of -'lOO secants. Thus, assuming that the satellite speed 
is large compared with any residual mc'tion of the- boundary layer, and that 
iL erases the latter at a large angle to its surface, the tniekness is 
M50 km. This is of the same order as envisaged by Eviatar and Wolf ( 1 V 6 8 ) 


and others. 


- 13 - 

The value oi the quantity z = nkT 

Og- 

may be estimated by performing a pressure balance calculation across 

the magnetopause. We write tlu equation 
•2 2 

£( l J -S)^ +n 'tT s (l+f) (0 

o g- “ s 

whore B' is the magnetic field in the magnetosphere and B g that in the 
sheath, and the factor f represents the ratio of the proton temperature 
in the sheath to T , the electron temperature there. 

We can only obtain order of magnitude results, since our values of 
T^, n , are characteristic only of the electron population down to an 
energy of 25 ev ; although observations are made at 10 ev we consider this 
to be coo close to the probable satellite potential energy for them to be 
reliable. It is nonetheless interesting to sec if the value of 5 we obtain 
is of order unity, a value which divides the parameter regime between 
the field dominated and plasma dominated conditions. 

For the value of f wo adopt 2.5 based upon observations in the foreword 
hemisphere of the magnetosheath by Wolfe et al., 1967 and Montgomery et al., 
19bb. Equation 3 ignores dynamic pressure; this is valid here because of 
the angular distance from the subsolar point at which the measurements 
were made. Table I. At these angles and very close co the boundary surface 
the flow direction is parallel to the boundary. 

In Table I we see a tabulation of the parameters and the corresponding 
calculated values of r in the magnetosphere adjacent to the boundary; 
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though not of hi-, n precision, these values in most eases are ui order unity. 

Ther- 1 appears te> b< .. tendency tor the highest values of 5 to be associated 

with the quietest conditions. The high values o £ £ we calculate would imply 

rather high densities in the tar magnetosphere of 10 to 100 cm if the 

5 4 

temperature there is 10 to 10 degrets. However, a considerable contribution 
to o might be made by high energy particles. Heppner et al. (1967) and 
Sugiura et al. (1970) have found a low field-gradiei e region near the 
geomagnetic equator at distances between about 11 k £ and the magnetosphere, 
and interpreted this observation to imply a presence of plasma of 5~1. 
Vasyliunas (1968b) has observed intense low energy electron fluxes near the 
magnetopause on the morning side, where the observations discussed in the 
present paper were made, also favoring high values of 5 in this region. The 
present discussion refers to the morning side of the magnetosphere and the 
possibility of a dawn-dusk asymmetry in the magnetopause pressure balance is 


1 ike 1 v . 
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TABLE I 


Date Distance B 1 B 

g 

Approx Tiiru. from 

U.T Sub-Solar 

lybl-1 l’oint Decrees 



T 

_s 

10 5 ok 


March 7 
1 24 3 

March 10 
0220 

March 15 
0418 
0510 
0524 
0534 
0537 

March 17 
2105 
2313 

Marc' 

1747 


6 2.5 


b8 .4 


85.5 


75. 3 


81 


20 30 6 3 

22.5 35 2b 2.4 

40 52 1.3 4.0 

48 28 19.6 5.4 

38.5 18 29.2 4.3 

38.5 13. b 25.4 3.1 

28.9 11.0 21.1 5.3 

37.7 23.3 12 5 

30 30 14 4.8 

29 22 16.5 3.5 

Average 


( 1 + 8 )* 


2 . 79 

3.91 

1.73 

0.1.9 

1.24 

0.76 

1.77 

0.89 

1.90 

1.40 

1.73 


3 


0 . 2 / 

0.7-4 

0.01 

0.27 

0.51 

0.32 

0.81 

0.25 

0.45 

0.41 


'••The precision of the quantity (1+5) depends primarily upon values of n , which 

s 

are not known absolutely to better than +507„. The value of a which is given in 
column 8 is the variation of (1+8) using this uncertainty. Although three of 
the values of (1+5) above are less than unity, and clearly not correct, when the 
uncertanties in n s are taken into account 5 is always consistent with being >0. 



f 


Figure .1 


Figure 2 


Figure 3 


Figure 4 


Figure 5 


Figure 6 


Figure 7 
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FIGURE CAPTIONS 

The upper part of the diagram shews 6 , r and B for 

SE 

the period 2:17:40 to 2:20:40 UT on March 10, 1968. 

The lower part shows differential electron flu:-; at 43 ev 
for the same period. 

These diagrams show the relationship between the 
directions of sensitivity of the three detectors and the 
solar direction and those of the magnetic field before 
and after the traversal of the magnetopause. 

Magnetic field and electron flux for the period 12:40 to 
12:50 UT on March 7, 1968. 

Electron flux as observed by two detectors between 2000 
and 2400 UT on Marc 17, 1968. Magnetic field observations 
are shown inset to a larger scale. 

Electron density observations derived from 25 ev , 45 ev, 

80 ev, and 130 ev flux observations from 2000 to 2400 UT 
or. March 17, 1968 showing several magnetopause crossings. 
Electron density for the period 0410 to 0615 UT on 
March 15, 1968. Several magnetopause crossings are 
seen, starting after 0510 UT. 

Electron density observations from 1200 to 1345 UT on 
March 7, 1968. A Single crossing of the magnetopau 5- 


is seen. 
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